The continuous measurements of flow velocity/rate and suspended sediment concentration (SSC) in tidal rivers are crucial in estuarine studies. However, the accurate estimates of these terms are difficult and labor-intensive procedures are needed; thus, a robust and efficient method of the measurements is required. The changes of cross-sectional average suspended sediment concentration, tidal bore celerity and flow velocity were measured in the Qiantang River by using acoustic tomography systems. The struser showed that the amount of SSC increased more than threefold during tidal bores. The acoustic systems could successfully measure the cross-sectional average velocity in the unsteady flows though the high SSC bred a short missing period after the bore arrival.
INTRUDUCTION
A wide variety of techniques have been used to measure flow velocity and sediment transport in rivers. Measurements of flow velocity have traditionally relied on single-point current meters deployed from an anchored boat or bed frame 1), 2) . Regarding the continuous measurement of suspended sediment concentration (SSC), optical methods were often used. Estimates of SSC from those instruments may be regarded as point measurements, which restrict either the spatial or temporal resolution of the SSC observations 3), 4) .
In recent years acoustic sensors such as ADCP (Acoustic Doppler Current Profiler) are frequently used for measurement of the flow velocity and SSC 5), 6) . Using these instruments to estimate cross-sectional average flow velocity and cross-sectional SSC can be laborious and dangerous during extreme hydrological events such as floods, tidal bores etc.
The purpose of this paper is to evaluate performance of an acoustic tomography (AT) method for measuring the cross-sectional average SSC and velocity in an estuary with tidal bores. In previous studies, this method was used for measuring cross-sectional average salinity, temperature and velocity 7), 8), 9) while this is the first time when the cross-sectional average SSC were measured during of tidal bores.
STUDY AREA AND FIELD OBSERVATIONS
The Qiantang River originates from the Anhui Province, in China and flows into Hangzhou Bay. The river is well known as a place where large tidal bores occur at flood tides because of the associated astronomical forcing and the convergent horn-shaped topography of Hangzhou Bay. The tide is dominated by the M2 tidal constituent with a mean range of 5 m at the mouth of Hangzhou Bay 10) .
The reciprocal sound transmission experiments to measure cross-sectional average flow velocity and SSC were carried out in an upstream reach of the Qiantang River, about 90 km from the mouth of Hangzhou Bay, during around 25 hours on 13-14 May 2013 and 5-6 November 2013 ( Fig.1 (a) ).
At the observation site, the river width is about 1300 m, the water depth ranges from 3 to 8 m with a bed slope of about 0.06%. The bed sediment is a mixture of clay soil and fine sand. The tides are primarily semidiurnal, but mixed with a diurnal component. The mean and maximum tidal ranges are approximately 0.5 and 3.0 m, respectively 11) . A couple of broad-band transducers were installed diagonally across the river on west and east stations. The angle between the acoustic pass and stream direction  was 25 degrees. Horizontal distance between the two transducers L was 3050 m ( Fig. 1(b) ). The acoustic tomography system simultaneously transmitted sound pulses from the omni-directional transducers every 30 seconds triggered by a GPS clock. The central frequencies of transmitted sound on 13-14 May and 5-6 November were 7 and 5 kHz, respectively.
The oblique cross-section of river along the transmission line is shown in (Fig. 1 (c) ).
Two up-looking ADCPs (Teledyne RD Instruments Sentinel ADCP) on the bottom are deployed at the both acoustic stations (E and W) to measure velocity. Four CTDs (RBR XR-620) with optical back scatter sensor (OBS) were attached to the transducer pods and ADCPs to measure turbidity.
The water depth was measured by water pressure loggers attached to the both ADCPs and a barometer on the riverbank.
Sixteen water samples were taken near the water surface on 5-6 November 2013 to examine grain size distributions of the particles and SSC. The grain sizes of the suspended particles were analyzed by the laser diffraction and scattering method (SALD-2000J, SHIMAZU Ltd).
Data analyses (1) Sound attenuation
The sound attenuation due to the presence of suspended solids can reduce the signal-to-noise ratio (SNR) of the acoustic tomography systems. The sound attenuation by sediment particles consists of two components: viscous absorption and scattering loss 12), 13) . In the present case (frequency is 5-7 kHz, particle size 4-30 µm), the viscous absorption is predominant. The viscous absorption coefficient can be given as a function of acoustic wave number and frequency, densities of water and suspended sediment particle (SSP), radius of SSP, kinematic viscosity of water 14) . In the present case, the scattering loss is negligible.
(3) Estimation of SSC from ADCP
In order to estimate SSC from the acoustic back scatter data of ADCPs, a simplified sonar equation with the sound attenuation by suspended sediments was used 15) . Detailed parameterization of the attenuation coefficients, etc., can be found elsewhere 16) .
(4) Cross-sectional average SSC
The cross-sectional average SSC (<SSC>) is estimated from SNR (signal-to-noise ratio) of the acoustic tomography system using a sonar equation. Since the water temperature was almost constant, the attenuation coefficient by water was constant. Assuming that the particle size is constant, <SSC> is deduced from the following equation:
Where v  is the viscous absorption coefficient. ( 2) where is the angle between the ray path and stream direction. Flow velocity m u was calculated using time-travel method. The details of this method and application of FATS (Fluvial Acoustic Tomography System) were reported by Kawanisi et al. 17) 
(6) Flow Rate
Using cross-sectional area and cross-sectional velocity obtaining from the acoustic tomography method, flow rate can be estimated 18) :
where A is the cross-sectional area along the sound path and is a function of water level H.
RESULTS AND DISCUSSIONS (1) Temporal variations in water depth
In the May experiment, the second tidal bore was larger than the first bore, whereas the first tidal bore was greater than the second one in the November experiment. The fluctuations of water depth are shown in Fig. 2 and Fig. 3 . The water depth increases about one meter at the arrivals of the tidal bores.
The cross-sectional area is a function of water level. The length of ADP (Acoustic Doppler Profiler) transect along the transmission line of AT system was 3032 m and the result of depth integration was 17530.79 m 2 from the ADP measurement. Hence, the cross-sectional area was estimated by Eq. (4):
A=17530.79+3032(H−H0)
(4) where H0 is the water level at the time when ADP measurement was carried out.
(2) Particle size and SSC from water samples Fig. 4 presents the median diameter (D50) of the suspended sediment near the water surface at the west station. The dominant suspended particle size is less than 5 m  while at around 17 and 4 o'clock the sizes of particles increase dramatically. This would be results of the passages of tidal bores that caused the bigger particles suspend from the bed.
In order to calculate the SSC, 17 water samples were collected near the water surface at the west station.
The temporal variation of SSC is shown in Fig. 5 . It is clearly seen that the SSC significantly increases during the tidal events. However, the SSC is significantly smaller than that near the bottom which is shown in the following subsections.
(3) Turbidities and SSCs measured by OBS
Sediment concentration from pumped water samples were used to calibrate the turbidity by the OBS measurements near the water surface. In this study, the result is according to Eq. (5) with good correlation of R 2 = 0.93. 2 SSC 0.007 Turbidity 0.037Turbidity   (5) where the turbidity is in FTU and SSC is in mg/L (Fig. 6) . Both OBSs which attached to the (13) (14) May 2013) transducer pods did not work well, so the results of them are not presented here. The estimates of SSC using OBS which attached to the ADCPs, are showed in Fig. 7 and Fig. 8 . In the May experiment, it can be seen that the second bore is dominant, however, it seems that the peak values during high concentration are unreliable because of the strong light attenuation of OBS. The turbidity at the west station decreases just after the bore arrivals. These decreases demonstrate that the turbidities are unreliable measured by the OBSs in high concentrations.
In the November experiment, an unexpected decrements are also observed in the west station during the first bore, but unlike the May experiment, the peak values of west and east stations during the high concentration are the same.
(4) SSC estimated by ADCP
The evaluate SSC using ADCP, requires knowledge of αs that depends on SSC and grain size distribution. The iteration method was used to estimate SSC from the backscatter of ADCP 16) .
Unfortunately, the sediment samples were obtained near the water surface and the information of grain size distribution through the water column was not existed. This lack of data caused limitations to estimate depth averaged SSC using ADCP. Hence, the SSC of the 1 St bin of ADCPs was estimated which are shown in Fig. 9 .
The disadvantage of OBS is that the result under high concentration is unreliable 19), 20) . The results of ADCP indicate that the OBSs cannot correctly measure the high SSC: the OBSs are saturated at the high SSC.
(5) SSC estimated by acoustic tomography
The mean viscous absorption coefficients estimated for 5 kHz and 7 kHz are 0.001967 dB/m/(kg/m 3 ) and 0.003615 dB/m/(kg/m 3 ), respectively. The results of cross-sectional average SSC (<SSC>) in May and November are shown in Fig.  10 , respectively. In the May experiment, the <SSC> of upward of 3 kg/m 3 is found during the second bore, and during the first bore of the November experiment, the <SSC> exceeded 4 kg/m 3 . In the May experiment, the increases of <SSC> during tidal bores and at around 23 o'clock were captured well, while in the November experiment as it can be seen in the bottom figure of Fig. 10 , the amount of <SSC> had insignificant increments at the arrival time of second bore. This may correspond to that the high SSC was limited in the bottom layers, because the second bore height was smallest in the four bores.
(6) Flow velocities
The cross-sectional average flow velocities in the May and November experiments are shown in Fig.  11 . The seaward velocity is positive. The flow velocity without bore is about 0.5 m/s in both experiments, while on the arrivals of the tidal bores, the flow velocity exceeds more than 1 m/s to the upstream.
The results of depth mean velocities using two ADCP are also shown in Fig. 11 . The velocities of the west and east ADCPs are denoted in red and green colors, respectively.
Unfortunately, we cannot correctly discuss the accuracy of the AT systems for velocity measurements by comparison with the ADCP results, because the spacing of the upward-looking ADCPs on the bed were too large to estimate the cross-sectional average velocity correctly. ADCP measures velocity distribution in a water column and is not be able to measure cross-sectional average velocity. However, comparing the ADCP data at both ends of ray path with the acoustic tomography (AT) data supports that AT system can measure the cross-sectional average velocity.
Namely, it is reasonable that the velocities of ADCPs are smaller than those of ATs because ADCPs measure velocities in water columns near the riverbanks. The results of flow rates are shown in Fig. 12 . It can be seen that in both experiments, the normal discharge of river is about 5000 m 3 /s. At the time of passing tidal bores the large volume of water propagated to the upstream. Unfortunately, because of missing signals during dominant bores, the exact value of flow rate was not computable.
CONCLUSIONS
Cross-sectional average values of SSC and velocity were continuously measured using acoustic tomography (AT) method during tidal bore events. During tidal bores, SSC increased dramatically and it caused a strong absorption of transmission signals of AT systems.
The present results show the capability of measuring the cross-sectional average SSC and velocity using AT systems.
Estimation of the suspended grain size with using two frequencies of AT systems will be further tested in future works.
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